Abstract Cortical bone is porous in infants but compacts with growth. In that process, circumferential lamellae are formed on the endosteum (inner) side of cortical bone first, and also the periosteum (exterior) side, after that. A mature rat shows higher bone strength per unit area of the cortical bone, and this means that not only an increase in the bone mass, but also improvement of the bone structure contributes to enhancing the bone strength. External morphology of the bone hardly changes by immobilization, but the thickness of the cortical bone decreases, and disorder of the running direction of the blood vessels in the cortical bone also occurs. Bone formation and resorption are caused simultaneously at the early stage of an exercise period, and it is supposed that factors embedded in the bone matrix beforehand are released into bone marrow by exercise, differentiating and activating the osteoblasts. Thus, it is thought that bone adapted to mechanical stress is formed by repeating active remodeling in the growing period.
Introduction
By means of tail suspension and plaster cast experiments, using rats [1] [2] [3] , it has been shown that a reduction of mechanical stress causes a decrease in bone mass. On the other hand, there are many reports that bone mass is enhanced through an increase in mechanical stress by exercise [4] [5] [6] . Moreover, exercises both on land and in water are effective for increasing bone mineral density, but the latter is enhanced mainly by muscle contraction 7) . It was also shown that tennis players show significantly higher bone mineral density on the dominant hand side, than the non-dominant hand side 8) . Thus, osteoblasts are activated by an increase in mechanical stress, and bone formation is promoted. However, it is also reported that, with exercise, cells showing a positive reaction to tartrate-resistant acid phosphatase (TRAP) increase and cause bone resorption 9, 10) . Thus, an agreed opinion on such reactions to mechanical stress has yet to be determined.
There are various reports about changes in age-related bone mineral density 11, 12) . The bones of an elderly person fracture from less external force than that of a younger person; and it is supposed that such a bone fracture is connected to a decrease in flexibility, in addition to bone mineral density 13, 14) . On the other hand, one type of a special bone fracture called a greenstick fracture is seen in the case of infants 14) , and this is thought to derive from the bone structure of infants differed from adults, in addition to lower bone mineral density. In this way, both quantitative and qualitative aspects of the bone affect bone strength regardless of the age of a person, but those aspects perform remarkable changes during growth. In this review, we describe the structural characteristics of both the cortical bone and cancellous bone in a growth period, and also explain the effects of mechanical stress on such bones.
tionally by adding bone mass to the periosteum face of the cortical bone during growth [17] [18] [19] [20] . This change is common among males and females until puberty, but differences appear throughout the process. The diameter increases by adding bone mass to the periosteum face in males. On the other hand, for females, bone mass is mainly added to the endosteum face, and its diameter shows little increase [17] [18] [19] [20] . It is thought that porous material is weak structurally in the field of material mechanics; and as for bone, a porous structure is also regarded as a factor reducing bone strength 21) . The bone of an infant is porous but compacts with growth. On the other hand, it has been confirmed, by observing the human femur and tibia, that the bone becomes porous again over time through advanced bone resorption 22) , and bone strength decreases accordingly 23) . In this study, we observed the structural changes of the tibial diaphysis during the growth period in rats, and recognized that the diameter and thickness of cortical bone increased with growth. In addition, many large cavities of blood vessels existed in the cortical bone at the immature stage. However, structures like circumferential lamellae were formed gradually from the endosteum side of the cortical bone with growth. The same lamellar structures also appeared in the periosteum side, and bone strength, measured by a bone breaking test increased afterwards, too. (Figs. 1, 2) Concerning the bone breaking test, bone develops plastic deformation as applied pressure exceeds its elastic limit and it finally breaks. The maximum load at the time of the break is expressed as the bone strength 24) . It is reported, from studies using rats, that a positive correlation is found between bone mineral density and bone strength, and bone strength is proportional to the cross-sectional area of the cortical bone 25) . We observed rat tibiae, and found that bone strength was raised, accompanied by increasing thickness and cross-sectional area of the cortical bone and the forming of structures like the circumferential lamellae, with growth. When dividing the values of strength by the crosssectional area of the cortical bone, mature cortical bone showed higher values than immature bone, as strength value per unit area was proportional to the cross-sectional area 25) . These values reflect the qualitative aspect of bone, that is, the bone structure. When considering the report 26, 27) that collagen fibers provide a scaffold of calcification contributing to bone strength, it is thought that the density and orientation of bone trabeculae and matrix fibers are important factors that relate to bone strength, in addition to the cross-sectional area of cortical bone.
Changes in cancellous bone. The cancellous bone consists of a three-dimensional network of bone trabeculae that contributes to bone strength 28) . Those bone trabeculae are arranged in a suitable direction to disperse the mechanical load from neighboring bones to cortical bone 29) . The bone trabeculae are formed by adding new bone around calcified cartilage trabeculae that are created at an epiphyseal growth plate. (Fig. 3) The primary cancellous bone mainly consists of only calcified cartilage trabeculae in 1-week-old rats, but the starting position of bone formation comes to approach the growth plate with growth, and thicker bone trabeculae exist even just under the growth plate in a 13-week-old rat. Furthermore, the bone matrix fibers are dense and arranged regularly in a 13-week-old rat, but they are loose and arranged irregularly in a 1-week-old rat. (Fig. 4) This shows that bone fractures near the growth plate often occur in infants 30) , and it is thought that those fractures relate to very weak bone structure at that location.
Effects of mechanical stress on bone structures
Effects of mechanical unloading. It was reported that the non-load condition of space flight, and immobilization with sciatic nerve excision, cause a decrease in bone mass, but don't disturb longitudinal normal growth of the tibia in growing rats 31, 32) . We investigated the effects of immobilization on hind limb structures in the growth period, using growing rats as subjects. As a result, it was found that even if the tibia was immobilized, an external morphology of the bone such as the length and diameter wasn't influenced, but the thickness of the cortical bone decreased. (Fig. 5-A) And, it was also observed that the blood vessels in the cortical bone meandered. (Fig. 5-B ) From these results, it is supposed that the decrease in mechanical stress causes the weakness of the bone without 3W 1W 7W 13W G G G G Fig. 3 Structures of primary cancellous bone just under growth plates in each week-old (decalcified specimens, polychrome stain) arrows: calcified cartilage trabeculae, arrow heads: starting portions of bone formation, GP: growth plate Fig. 4 Comparison of density and arrangement of matrix fibrils in primary cancellous bone between one-and thirteen-week-old rats (decalcified specimens, TEM images) 3 3W W 1 13 3W W changing in external morphology, in the growth period. It is reported that the effects of a reduction in mechanical stress on cancellous bone appears at an earlier period [1] [2] [3] . It is shown that the bone trabeculae that disappeared by short-term immobilization don't recover to a normal state by the mechanical loading for the identified period as that immobilization period [32] [33] [34] . It is noted that cancellous bone reacts to the mechanical load rapidly compared to cortical bone 35) . We investigated the effects of immobilization on bone formation activity in mature and immature rats, and recognized that cancellous bone reacted to a reduction in mechanical stress immediately, compared to mature rats. Then, it was understood that the immature bone showed rapid reactions to mechanical unloading, in comparison with mature bone.
Effects of mechanical loading. It is reported that the mechanical stress is sensed by mechanosensor such as molecules or the protein related with desmosome and the cytoskeleton of ostecytes 36) . It is thought that the mechanical stress caused by exercise promotes the differentiation from mesenchymal stem cells to osteoblasts by an increase in signaling through the PTH-related peptide receptor 37) . In this way, bone formation by osteoblasts is promoted by mechanical loading; yet, on the other hand, there are reports that TRAP reaction-positive cells increase by exercise 9, 10) . We investigated the effects of jumping exercise on bone formation and resorption. As a result, it was recognized that TRAP reaction-positive cells increased immediately after the beginning of exercise; but the rate decreases from thereon, and the number of such cells was found to be the same level as the control group 14 days later. Moreover, the rate of bone formation was significantly faster than for the control group after 4 and 7 days from the start of exercise, but slightly decreased thereafter. (Fig. 6 ) This means that both bone formation and resorption are activated at the early stage of an exercise period.
The receptor activator of nuclear factor-кB ligand (RANKL) is secreted from various cells such as osteoblasts, osteocyte, and bone marrow cells, and it induces the differentiation of the osteoclast precursor 38) . Osteoclast and the osteoclast precursor differentiate from monocytes and show a positive reaction to TRAP. The osteoclast precursor differentiates from osteoclast without multiplying, unlike osteoblasts 39) . In addition, a reaction to mechanical stress is brought about when the precursors increase and are activated 40) . It is supposed that the increase and activation of osteoclasts is promoted at least in the initial stage of exercise, considering our experimental data described above. Therefore, it is thought that the production of membrane-bound RANKL is raised through an increase in mechanical stress by exercise, and this causes an increase in TRAP reaction-positive cells 9, 10, 41, 42) . We performed an experiment using growing rats, and it consisted of a four-day exercise period followed by a four-day immobilization period of the hind limbs. It was recognized that osteocalcin reaction-positive cells increased and bone formation was promoted at the primary cancellous bone of the proximal tibial metaphysis. (Fig. 7) Transforming growth factor-beta (TGF-β) and bone morphogenetic protein (BMP) are embedded in the bone matrix by osteoblasts via the bone-forming process. They function as differentiating and activating factors of the osteoblasts, and promote bone formation by means of such cells when those factors are released from the bone matrix 43, 44) . As previously described, bone resorption is promoted at the same time as bone formation at the initial stage of exercise, and remarkable results are obtained by exercise after short-term immobilization. Therefore, it is suggested as a possibility that bone resorption at the initial stage of exercise is concerned with the differentia- 
Conclusion
Enhancement of bone strength is related not only to an increase in bone mass, but also an improvement in bone structure. Little change in external bone morphology appears from immobilization, but a decrease in the thickness of the cortical bone and disorder in the run of the blood vessels in the cortical bone have been detected; and this induces a reduction in bone strength in the growth period. It is supposed that the factors differentiating and activating osteoblasts can be released from the bone matrix by bone resorption promoted at the initial stage of an exercise period. Thus, it is understood that bone remodeling is repeated during the growth period along with an increase and decrease in mechanical stress. Bone reacts to them immediately and shows clear improvement. 
